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To establish an infection, bacteria must first adapt to the host environment and grow. For mastitis, the
media in which bacteria must adapt to is milk. Mammary pathogenic Escherichia coli may express
factors that are important for these bacteria to grow in milk and establish both acute and chronic
infections of the mammary gland. We have used shotgun expression proteomics to determine the
changes in protein expression when E. coli were grown in laboratory media compared to bacteria grown
in whole fresh bovine milk. We report the expression data of approximately 1000 proteins. We found
many proteins involved in the metabolism of lactose and various amino acids were up-regulated when
bacteria were grown in milk. In addition, the LuxS protein was up-regulated when bacteria were grown
in milk; this protein is associated bacterial quorum sensing as well as the expression of mobility proteins,
such as flagellar components, and a number of genes associated with virulence. Growth of a mammary
pathogenic E. coli in milk results in the up- and down-regulation of hundreds of proteins, some of
which may be important to the pathogenesis of this organism.
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Introduction

Analysis of changes in bacterial proteomes has been an area
of intense research in the last several years. Changes in bacterial
growth media or conditions can have significant effects on
protein expression.1-6 For example, Pseudomonas aeruginosa
is an environmental bacterium that is a significant opportu-
nistic pathogen in cystic fibrosis patients. This bacterium can
grow in either aerobic or anaerobic conditions and is thought
to grow anaerobically within mucopurulent masses in the lung.
Proteomic analysis of P. aeruginosa grown in aerobic versus
anaerobic conditions showed the differential expression of over
150 proteins giving clues to the metabolic pathways needed to
maintain an infection in the host’s tissues.6 Understanding in
vivo changes in protein expression by bacteria as they adapt
to their environment and the pressures exerted by the host
immune system is fundamental to finding better therapeutics
for treatment of bacterial infections. A critical factor that affects
bacterial protein expression changes is the environment in
which the bacteria exist. How bacteria adapt to their environ-
ment may determine their ability cause an infection and
possibly their ability to evade the immune system.

Infection of the mammary gland is a health concern for
humans and animals. Depending on the type of delivery,
1.7-3.0% of women suffer from mastitis.7 In the dairy industry,
this disease alone accounts for $2 billion a year in losses to
the industry.8 Milk is the environment that bacteria must grow

in to establish an infection of the mammary gland. However,
milk is not a rich growth media for bacteria. In fact, milk
naturally contains many mechanisms to inhibit bacterial
growth, such as lactoferrin to sequester iron, making it unavail-
able for bacterial use.9 In addition, the immune system has
numerous mechanisms that detect, signal, and respond to a
bacterial infection. The major and first immune response is
the infiltration of neutrophils into the infected gland.10 How-
ever, this response requires 6-12 h to occur in an infected dairy
cow and growth rates of various stains of Escherichia coli in
an infected gland prior to the immune response have been
correlated with final severity of the infection.11 The ability of
an E. coli strain to grow in milk may be linked to the
pathogenesis of the organism, and therefore, understanding the
proteins expressed when the bacteria is grown in milk may
elucidate cellular pathways important for the initial steps in
pathogenesis.

Bacteria have evolved to grow in inhibitory media, such as
milk, and comparing levels of various proteins expressed when
grown in milk versus growth in a rich culture media may reveal
metabolic pathways necessary for adaptive growth in milk as
well as adaptations important to an intramammary infection.12

It has been suggested that virulence factors specific for mam-
mary pathogenic E. coli (MPEC) exist and that these factors
may be important for persistent infections.13 Some of these
factors may simply be those that allow the bacteria to grow in
milk.

Understanding bacterial adaptions to growth in milk by
determining which proteins are differentially expressed in milk
may provide critical information on how bacteria live in the
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mammary gland and how to block them from adapting to life
in the mammary gland. This work compares the proteome of
a MPEC E. coli strain grown in laboratory media to the same
strain grown in fresh unprocessed bovine milk.

Materials and Methods

Bacterial Strain, Media and Growth. The strain used for
these experiments was E. coli strain P-4, serotype O32:H37,
which was originally isolated from a clinical case of bovine
mastitis (kind gift from M. J. Paape, Immunology and Disease
Resistance Laboratory, ARS, USDA, Beltsville, MD). Fresh
unprocessed milk, collected by hand, from three midlactation
Holstein cows, was combined and used as a bacterial growth
media. The milk pool was checked for bacterial contamination
by plating on TSA + 5% Sheep RBC (Blood Agar) (BD, Sparks,
MD) plates and incubating overnight at 39 °C. Inoculum stocks
of bacteria were grown in Luria-Bertani (LB) (BD, Sparks, MD)
or fresh pooled milk to midlog phase grown at 37 °C and
shaking at 225 rpm and stored at 4 °C until use. Bacteria growth
in LB was monitored by optical density at 600 nm and bacterial
growth in milk was determined by colony count on blood agar
plates. Multiple 2-L flasks with 500 mL of clean freshly collected
milk or LB culture media were inoculated with bacteria grown
in matching media. Multiple flasks were used for each media.
The cultures were grown to late midlog phase at 37 °C and
shaking at 225 rpm. One flask was used to gather additional
time points after the others were removed to isolate bacteria.
Two independent experiments were run, consisting of bacteria
grown in LB and milk. These experiments are denoted in the
supplementary tables in Supporting Information as Sample A
and Sample B.

Isolation of Bacteria from Milk. Bacteria were pelleted by
centrifugation at 10 000g for 20 min at 4 °C. Milk whey and as
much as the fat as possible were removed from the pelleted
bacteria that were grown in milk. All bacterial pellets were
resuspended in cold DPBS without calcium or magnesium
(Sigma, St. Louis, MO) and transferred to a new centrifuge
bottle and washed twice in cold DPBS. Pellets were resus-
pended in 25 mL of cold DPBS and were overlaid on 15 mL of
45% sucrose (w/v) prepared in deionized H2O in a 50 mL
conical centrifuge tube. The gradients were centrifuged for 40
min at 10 000g at 4 °C. Pellets were again resuspended in cold
DPBS and a second sucrose gradient performed. After the
second gradient spin, the pellets were washed six times with
45 mL of cold DPBS. All supernatant was removed and the
pellets were snap-frozen in liquid nitrogen and were stored at
-80 °C until processed for MS analysis.

Sample Processing. All procedures were done at 4 °C.
Bacterial pellets were sonicated in 4 mL of 10 mM triethylam-
monium bicarbonate, pH 8.5, 50% duty cycle, 20 cycles, 3 times.
The homogenate was centrifuged at 1000g for 10 min to remove
cellular debris. The pellet was discarded and the supernatant
was then centrifuged at 100 000g for 1 h. This provided the
crude membrane (pellet) and the cytosol (supernatant) protein
fractions. These were stored at -20 °C until used. Total protein
concentrations were determined using the Protein Assay Kit
(BioRad, Hercules CA), using a BSA standard. For experimental
workflow, please see Figure 1.

Briefly, 100 µg of each sample was resuspend in 60 µL of 25
mM triethyl-ammonium bicarbonate (pH 8) and heat dena-
tured at 95 °C for 30 min.14 Samples were cooled on ice for 10
min and 120 µL of methanol was added to each tube.15 For
trypsin digestion, 25 µL of proteomic grade trypsin (20 µg /mL

in 25 mM triethyl-ammonium bicarbonate) was added to each
sample and incubated overnight at 37 °C. Samples were dried
in a vacuum centrifuge. Samples were resuspended, denatured,
reduced and then cysteine residues were blocked with MMTS
and finally labeled with various iTRAQ reagents as described
in the manufacturer’s instructions for the iTRAQ kit (Amine-
Modifying Labeling Reagents for Multiplexed Relative and
Absolute Protein Quantitation (Applied Biosystems, Foster City
CA)).

Peptides labeled with iTRAQ were dried and resuspended
in 300 µL of 20 mM formic acid and 20% acetonitrile (ACN).
Samples were run on a strong cation exchange (SCX) column
(Mono S PC 1.6/5, Amersham, Piscataway, NJ) with a gradient
of solution A (20 mM formic acid; 20% ACN; pH 2.7) and
solution B (20 mM formic acid; 20% ACN; 350 mM ammonium
bicarbonate; pH 4.7). Sample fractions (0.5 mL) were collected
over a 75-min gradient of 0-100% solution B. Sample fractions
were dried down and resuspended in 30 µL of 0.1% formic acid
in 5% ACN.

High Performance Chromatography and Tandem Mass
Spectroscopy of the Samples. Each SCX fraction was analyzed
by capillary high-pressure liquid chromatography (CapLC,

Figure 1. Workflow of proteomic experiments in milk and LB E.
coli strain P4 was grown in fresh whole bovine milk or LB.
Bacteria were isolated from media by centrifugation and multiple
sucrose gradients. Bacteria were lysed and cytosol and mem-
brane proteins recovered. Proteins samples were digested and
reduced, and free cysteines were blocked with MMTS and finally
iTRAQ labeled. Cytosol peptides from milk and LB were com-
bined into one tube as was the membrane peptides. Each
combined sample was run over a strong-cation exchange column
and approximately 30 fractions were collected. Each fraction was
run on a reverse-phase HPLC column in-line with a tandem mass
spectrometer (qTOF). All data from one group (e.g., Combined
Membrane) were combined into one.pkl file and submitted to
Mascot for peptide/protein identification and relative abundance
calculation. We generated a computer script to align TIGR
functions with our protein matches. This whole procedure is
repeated to generate a duplicate data set (B).
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Waters, Milford MA) in-line with a Q-TOF Ultima API mass
spectrometer (Waters, Milford MA). An Altantis C18 NanoEase
column (75 mm × 100 mm) was used for peptide separation.
The system was configured to concentrate and wash the
injected sample on a Symmetry 300 C18 precolumn. Seven
minutes after the start of sample loading, the precolumn was
switched in-line with the analytical column to allow the trapped
peptides to be eluted onto the analytical column. Mobil phase
A was 0.1% formic acid in 5% ACN. Mobil phase B was 0.1%
formic acid in 95% ACN. The gradient was 95% A for 5 min
and then ramped linearly to 60% A over 85 min. Over the next
2.5 min, it was ramped to 10% A and held an additional 10
min before re-equilibration of the column. The flow rate was
approximately 300 nL/min. The analytical column was con-
nected to Waters Lockspray-nanospray interface on the front
of the mass spectrometer. The lockspray used the peptides
[Glu1]-Fibrinopeptide B and Leucine Enkephalin as standards
(Sigma, St. Louis, MO). The capillary voltage was 3700 V and
was tuned for signal intensity. The 5 most intense ions with
charge states between 2 and 4 were selected in each survey
scan if they met the abundance threshold to sequence the
peptide. Three collision energies were used to fragment each
peptide ion based on its mass to charge (m/z) values. Each
fraction was run multiple times, collecting MS/MS data on
parent masses in different mass ranges.16

Protein Identification and Quantitation. All MS data files
were processed into.pkl files using ProteinLynx Global Server
2.0 (Waters, Milford, MA). Data was calibrated throughout the
run by using lock-spray correction of MS data with [Glu1]-
Fibrinopeptide B and MS/MS with Leucine Enkephalin. The.pkl
files from a sample group were merged into a single file using
the program Merge (Matrix Science, London, U.K.). The data
was then analyzed with Mascot version 2.2.1 (Matrix Science,
London U.K.) using the Swiss-Prot protein database (51.6) with
E. coli taxonomy, MMTS (C), iTRAQ (K) and iTRAQ (N-term)
as fixed modifications. The peptide tolerance was 0.1 Da and
the MS/MS tolerance was 0.1 Da.17,18 Protein quantitation data
was obtained from the Mascot results. Quantitation data along
with other protein data such as Protein Description, Gene
Name, Protein Mass, Protein Score, Number of Peptide Matches,
Coverage of Protein, and emPAI score were exported to an Excel
spreadsheet (see Supplementary Tables 1-5 in Supporting
Information). When the quantitation data for a protein was less
than 1, meaning that the protein was down-regulated, we took
the reciprocal to that number and labeled the protein as down-
regulated. If the quantitation data for a protein was greater than
1, it was labeled as up-regulated.

Data Mapping to Functional Categories. The expression
proteomics data set was annotated by populating the Mascot
output data with The Institute for Genomic Research (TIGR)
role and subrole categories via relational databases. The Mascot
output contained the Swiss-Prot IDs (entry names) for matches
found to the Swiss-Prot database. A relational database index-
ing all Swiss-Prot IDs to corresponding Swiss-Prot accession
numbers was built from an index flat file obtained from Expasy
via ftp (ftp.ebi.ac.uk/pub/databases/uniprot/current_release/
knowledgebase/complete/docs/acindex.txt). This first relational
database allowed the Swiss-Prot accession numbers to be
obtained for entries in the expression proteomics data set. A
second relational database indexing Swiss-Prot accession num-
bers to TIGR role and subrole definitions was created from
information obtained from the Comprehensive Microbial
Resource (http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.

cgi). The second relational database allowed the penultimate
mapping of the TIGR roles and subroles to the expression
proteomics data set.

Western Blots. Fresh bovine milk and whey samples were
obtained and the protein concentration for all the samples
(milk, whey, and membrane sample for E. coli grown in milk
of LB) were determined by BCA assay (Pierce, Rockford, IL)
according to manufacturer’s instructions. The same amount
of protein (5 µg) from each sample was prepared and run on
4-12% Bis-Tris Gradient Mini Gel (Invitrogen, Carlsbad, CA)
using the instructions for running denaturing NuPage gels. Gels
were either stained or used in a Western blot. Staining was done
using Imperial Blue Stain (Pierce, Rockford, IL) according to
manufacturer’s instructions and subsequently imaged using a
VersaDoc imager (BioRad, Hercules, CA) using the Coomassie
Blue setting. The gels that were transferred for Western Blot
were done using the iBlot apparatus (Invitrogen, Carlsbad, CA)
according to manufacturer’s directions. The membranes were
then blocked overnight at 4 °C in Starting Block (Pierce,
Rockford, IL). The membrane were probed with a 1:10 000
dilution of Rabbit anti-Bovine Casein HRP conjugated antibody
(ICL, Newberg, OR) in Starting Block and 0.05% Tween 20
(Pierce, Rockford, IL). The membrane was washed 6 × 50 mL/
wash with DPBS and 0.05% Tween 20 (Sigma, St. Louis, MO).
After the last wash, the blot was stained with WEST Dura
(Pierce, Rockford, IL) and imaged using a VersaDoc imager
(BioRad, Hercules, CA) using the Chemoluminence Hi Sensitive
setting.

Results

Bacterial Growth and Isolation. E. coli was grown in fresh
unprocessed bovine milk or LB and harvested in late log-phase
growth (Figure 2). Bacterial densities were similar between the
two media at the time of harvest, 1.0 × 108 cfu/mL in milk
and 2.9 × 108 cfu/mL in LB (data not shown). To remove the

Figure 2. Growth of E. coli in milk and LB. E. coli was grown in
LB or fresh unprocessed bovine milk. Growth of bacteria in LB
(filled symbols) was monitored by optical density (OD600),
whereas, growth of bacteria in milk (open symbols) was deter-
mined by colony counts of plated samples on bacteria plates
(cfu). The squares (filled and open) were the time points that the
bacterial samples were removed for processing (4.5 h). A
duplicate sample was permitted to continue to grow to gather
additional time points.
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milk proteins, bacterial pellets were subjected to sucrose-
gradient centrifugation. SDS-PAGE of protein extracts from
bacteria grown in milk or LB did not show any overwhelming
protein bands in the milk sample compared to the media
sample, suggesting that a majority of the milk proteins were
removed (Figure 3). For comparison, milk, whey, and the
membrane samples of E. coli grown in milk or LB were run on
a SDS-PAGE gel (Figure 4). Figure 4A shows that both milk and
whey samples contained the typical high abundance proteins,
which include �-casein and R-casein (between 32 and 25 kDa),
whereas the E. coli protein sample grown in milk does not
appear to have these bands in large abundance. Figure 4B
shows a Western blot of these same samples using an anti-
casein antibody as a probe. Again, clear �-casein and R-casein
bands are observed in the milk and whey samples and no bands
are detected in the E. coli sample preparations. When the mass
spectrometry data was analyzed using the protein identification
software with no taxonomy restriction, we did identify some
proteins of bovine origin. However, using the emPAI number
as an indicator of protein abundance,19 we estimate that there
are over 100 more abundant proteins than the most abundant
contaminating milk protein (alpha casein, emPAI score 1.52)
in the cytosol sample. Interestingly, in the membrane sample,
the 24th most abundant protein (using emPAI score) was
bovine Complement C3 precursor (emPAI score 8.1) (Supple-
mentary Table 5 in Supporting Information). This observation
is consistent with the known function of complement C3b,
which is to opsonize pathogens. The fact that the majority of
proteins identified did not show any expression change, again
strongly suggest that most of the bovine proteins were removed
from our samples.

Protein Expression Changes in Milk. Membrane and cyto-
solic fractions were generated for each sample as an initial
means of protein separation. Further separation was achieved
after the proteins were digested by SCX and reverse-phase
chromatography. Bacterial protein samples were trypsin-
digested and iTRAQ-labeled, resulting in four samples labeled
membrane A, cytosol A, membrane B, and cytosol B. Each
sample was run over a SCX column resulting in ∼30 fractions.
Each SCX fraction was run on the LC-MS/MS and the data files
for each sample (e.g., all 30 SCX fractions for the membrane A
sample) were combined into one data set and analyzed with
Mascot (Figure 1). Protein identification and relative abundance
information was exported from Mascot into a spreadsheet (see
supplementary Table 1 in Supporting Information). Table 1
contains the number of peptide matches above the identity
threshold along with the false discovery rate for each of the
four data sets. Protein identification and quantitation data from
all four data sets were exported from Mascot and combined
into a single spreadsheet (see supplementary Table 1 in
Supporting Information). This spreadsheet is divided up into
several worksheets that split the data into proteins whose
expression went up in milk, went down in milk, did not change,
or all proteins (see supplementary Tables 1-4 in Supporting
Information). The numbers of proteins identified are sum-
marized in Table 2. All together, we were able to identify 1000
proteins for which there was expression data. Replicate of this
experiment (Sample A and Sample B) yielded similar data;
however, for an unknown reason, Sample B yielded ap-
proximately one-third the number of peptide matches. The

Figure 3. Membrane and cytosol protein preparations from E.
coli grown in LB or milk. A total of 7.5 µg of protein from the
membrane or cytosol fractions of E. coli grown in LB or milk was
run on a SDS-PAGE gel and stained with Imperial Blue (Pierce,
Rockford, IL). Lane S is SeeBluePlus2 prestained molecular
weight standards (Invitrogen, Carlsbad, CA), Lane LB is the
proteins isolated from the sample grown in LB, and Lane Milk is
the proteins isolated from the sample grown in fresh unproc-
essed bovine milk.

Figure 4. SDS-PAGE and Western blot of protein in milk and
bacterial samples. A 5 µg aliquot of total protein isolated from
fresh bovine whey, fresh bovine milk, and the membrane
samples of E. coli grown in milk (EC-M) or LB (EC-LB) were run
on two SDS-PAGE gels. The first gel (A) was stained with Imperial
Blue (Pierce, Rockford, IL). Lane S is SeeBluePlus2 prestained
molecular weight standards (Invitrogen, Carlsbad, CA). Numbers
on the left side of gel A indicate molecular weights of standards
(kDa). The second gel (B) was used in a Western blot and probes
with a bovine casein specific antibody.

Table 1. Number of Peptide Matches and False Discovery
Rate

peptide matches above
identity

threshold
membrane

A
cytosol

A
membrane

B
cytosol

B

Swiss-Prot 6466 7794 2559 2339
Decoy 200 114 62 42
False Discovery Rate 3.09% 1.46% 2.42% 1.80%
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result of this is that some proteins are identified only in sample
A. Of those 1000 proteins, 633 had expression data that was
determined by Mascot to be significant (see supplementary
Table 1 in Supporting Information). Mascot significance is
independent of changes in expression and only indicates that
the quality and quantity of the expression data is sufficient to
have confidence in the data (www.matrixscience.com/help/
quant_statistics_help.html).

Identified proteins were associated with functions as cat-
egorized by TIGR. We associated gene products with TIGR main
roles and subroles (see supplementary Table 1 in Supporting
Information). The functional categories for all the proteins
observed are summarized in Table 3. Proteins within each
functional category are divided into those proteins up-regulated
and those down-regulated when bacteria were grown in milk.
For example, under the main role of “Amino acid biosynthesis”
is the subrole “Aromatic amino acid family”, wherein 16
proteins were identified as belonging to this functional group.
Of the 16 identified proteins of that group, 12 were up-regulated
and 0 were down-regulated when grown in milk (Table 3). This
pattern of a majority of proteins being up-regulated is consis-
tent for most of the subroles in the “Amino acid biosynthesis
main role”. Not all functional groups showed protein expression
up-regulation in milk. Of the 19 proteins identified to the
subrole “Chemotaxis and motility”, 0 were up-regulated and 8
were down-regulated when bacteria were grown in milk. A list
of the proteins that were down-regulated in the “Chemotaxis
and motility” subrole is shown in Table 4, of which two proteins
are part of the flagellar complex (FlgE and FlgG) and six
proteins that are involved in chemotaxis (Mcp1, Mcp2, Mcp3,
CheR, MotA and MotB). Table 4 also includes other groups of
proteins whose expression was altered by the bacteria’s change
in environment. In addition, proteins that regulated use of
galactose are included in Table 4. This is consistent with the
different primary carbon source in LB (glucose) and milk
(lactose).

Tables 5, 6 and 7 have a summary of proteins up-regulated,
down-regulated, and not changed, respectively. The supple-
mentary tables contain all of the proteins we identified and
their associated expression data. The four supplementary tables
contain a list of all proteins (Supplementary Table 1), those
proteins up-regulated in milk (Supplementary Table 2), only
those proteins down-regulated in milk (Supplementary Table
3), and only those protein with no expression change (Supple-
mentary Table 4 in Supporting Information). Supplementary
Table 5 in Supporting Informationcontains proteins of bovine
origin found in the membrane sample.

Discussion

Milk is the media in which bacteria must be able to initially
grow in order to cause mastitis. However, milk is not a rich
growth media for bacteria. In fact, milk contains a number of
proteins, lipids, carbohydrates, and various cells that are
antimicrobial.20-22 These components not only serve to protect
from and clear any infections of the lactating animal, but also
are passively transferred to the neonate for protection against

infections. Bacteria have evolved to grow in inhibitory media,
such as milk, and comparing levels of various proteins ex-
pressed in bacteria when grown in milk versus bacteria grown
in a laboratory media revealed bacterial protein pathways
activated for adaptive growth in milk. In this study, we focus
only on protein changes by a mastitis-causing E. coli strain that
occurs when it is grown in freshly isolated bovine milk
compared to a laboratory bacterial medium (LB).

With the use of isotopic peptide labeling in shotgun pro-
teomic experiments, we have identified 1000 proteins and their
relative expression levels comparing E. coli grown in milk versus
grown in LB. A number of protein expression changes are easily
attributable to nutrient changes that the bacteria must react
to with the change of environment. For example, �-galactosi-
dase is up-regulated nearly 4-fold when the bacteria are grown
in milk. Additionally, three other proteins involved in galactose
utilization were up-regulated when that bacteria was grown in
milk (Table 4). These observations are consistent with the fact
that these enzymes are involved in lactose metabolism and
lactose is the major sugar in milk. One of the genes involved
in galactose utilization whose product was up-regulated was
UDP-glucose 4-epimerase (GalE) (Table 4). An E. coli strain (J5)
that lacks this protein (GalE) has been shown to have an altered
cell wall lipopolysaccharide.23 Interestingly, the J5 strain E. coli
is used in the dairy industry as a vaccine against coliform
mastitis.24 Our data showed the GalE expression was up-
regulated greater than 5-fold when our pathogenic E. coli strain
was grown in milk. It is possible that altered GalE expression
may alter the lipopolysaccharide of the pathogenic strain
making the pathogen less detectable by the immune system.
In addition, nearly one-quarter of the detected proteins in-
volved in amino acid biosynthesis are up-regulated in milk. This
is consistent with the fact the LB contains a rich supply of free
amino acids (yeast extract) that are not available in milk.
Because these observations are consistent with known biologi-
cal pathways that should be affected during growth in milk,
this gives us greater confidence in our data set.

Of particular interest in our data set are proteins that are
involved in the pathogenesis of the bacteria. One protein of
interest is S-ribosylhomocysteine lyase or the LuxS gene
product that was up-regulated 3.6-fold in milk. This enzyme is
critical for the synthesis of a bacterial hormone-like compound
called autoinducer 2 (AI-2).25 AI-2 is involved in interbacterial
communications also called quorum sensing. AI-2 is also
involved in the regulation of a number of genes. In microarray
experiments, the expression of 242 genes were significantly
altered in response to AI-2.26 We do not know if the increase
of the LuxS protein seen in this study resulted in a increase of
AI-2.

Flagella have been long associated with bacterial pathogen-
esis. For example, in mucosal infections, pathogenic bacteria
must express flagella for motility, adhesion, invasion and
secretion of virulence factors.27 However, in this study, of the
five structural flagellar proteins identified, all were down-
regulated (1.5- to 4.3-fold; see Supporting Information). Inter-
estingly, a flagellar protein called flagellin (FliC) has been
identified as a ligand for toll-like receptor 5.28 Toll-like receptors
are a family of cell surface receptors that bind to various
molecules that are specific to pathogens. When they bind to
their ligands, these receptors initiate the activation of genes
encoding various cytokines and chemokines that are central
to an immune response.29 Therefore, the reduced expression
of flagellin (1.8-fold) may provide less ligand to initiate an

Table 2. Number of Protein Matches with Expression Data or
with Significant Expression Data

membrane cytosol both total

All Hits 336 356 308 1000
Significant 256 244 133 633
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immune response and provide a means for the bacteria to
escape immune surveillance. Whether down-regulation of the
flagellar proteins is the result of a host factor to make the
bacteria less virulent or is the result of bacterial immune
detection escape mechanism is unknown.

Iron is an essential element for the growth of bacteria and
the availability of iron has been linked to the pathogenicity of
the bacteria.30 The innate immune system has evolved mech-
anisms to sequester iron to deprive invading pathogens of this

necessary nutrient.31 Lactoferrin is such a protein that binds
and sequesters iron and is found in milk.9 However, bacteria
have high affinity iron chelators called siderophores and surface
receptors that compete for the available iron in the host.32 Our
data showed that four outer membrane siderophore receptors
(FecA, FepA, FhuA and Fiu) were up-regulated when the
bacteria were grown in milk (Table 4). These data suggest that
the bacteria are reacting to the milk environment by increasing
their ability to remove iron bound to lactoferrin. Attempts to

Table 3. Categorization of Proteins by TIGR Main Roles and Subroles

TIGR main roles and subroles total upa downa

Amino acid biosynthesis
Aromatic amino acid family 16 12 0

Aspartate family 16 11 0
Glutamate family 15 11 0
Histidine family 6 5 0
Other 1 0 0
Pyruvate family 11 10 0
Serine family 11 5 0

Biosynthesis of cofactors, prosthetic groups, and carriers 44 10 1
Cell envelope

Biosynthesis/degradation of murein sacculus and
peptidoglycan

18 2 0

Biosynthesis/degradation of surface polysaccharides and lipop 22 2 0
Other 31 5 4
Surface structures 4 3 0

Cellular processes
Adaptations to atypical conditions 11 1 1
Chemotaxis and motility 19 0 8
Detoxification 11 3 0
Other 23 4 0
Pathogenesis 7 3 1
Toxin production and resistance 10 1 0

Central intermediary metabolism
Other 32 11 2
Sulfur metabolism 7 5 0

DNA metabolism 29 4 2
Energy metabolism

Amino acids and amines 7 3 3
Anaerobic 6 0 5
Biosynthesis and degradation of polysaccharides 5 2 1
Electron transport 32 3 6
Glycolysis/gluconeogenesis 15 1 0
Other 32 3 6
Pentose phosphate pathway 8 3 0
Sugars 9 6 0
TCA cycle 16 3 5

Fatty acid and phospholipid metabolism 21 1 0
Hypothetical proteins 115 20 6
Mobile and extrachromosomal element functions 1 1 0
Protein fate 46 4 0
Protein synthesis

Other 42 1 0
Ribosomal proteins: synthesis and modification 54 0 15

Purines, pyrimidines, nucleosides, and nucleotides 38 9 1
Regulatory functions 18 0 3
Transcription 18 1 0
Transport and binding proteins

Amino acids, peptides and amines 28 22 3
Anions 5 2 1
Carbohydrates, organic alcohols, and acids 23 11 2
Cations and iron carrying compounds 13 6 4
Other 11 4 2

Unclassified 51 17 6

a Protein expression up in bacteria grown in milk compared to grown in LB. b Protein expression down in bacteria grown in milk compared to grown in
LB.
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block iron uptake by E. coli by generating an immune response
to FecA were successful in generating antibody but unsuccess-
ful in changing the clinical severity of an infection.33 Our data
shows the up-regulation of multiple siderophore receptors,
indicating that any successful blocking of iron uptake would
require blocking multiple receptors.

Supplementary Table 5 in Supporting Information contains
a list of proteins that were identified to be of bovine origin.
Proteins such as lactophorin, casein, and butyrophilin are major
protein components of milk and it is not surprising to find them
in the membrane sample of the bacterial proteome. The most
abundant bovine protein found associated with the bacteria is
the complement C3 precursor. This observation is consistent

with the known function of complement C3b, which is to
specifically bind to pathogens in order to opsonize them for
subsequent clearance by immune cells. The abundance of
complement C3 in uninfected milk is very low and rises in cases
of clinical mastitis.34 Although the abundance of C3 in unin-
fected milk is very low, our data identified C3 as the most
abundant bovine protein tightly associated with bacteria grown
in milk. This could be due to specificity and affinity for bacteria
of a naturally low level of C3 found in milk. Alternatively, fresh
unpasteurized milk contains cells, many of which are neutro-
phils, and these cells may be stimulated to release C3 by
bacterial growth. This illustrates the immediate battle between

Table 4. Representative TIGR Roles and Proteins that Showed Expression Changes

gene protein change up/down

Cellular Processes, Chemotaxis and Motility
FLGE Flagellar hook protein flgE 4.29 Down
FLIC Flagellin 1.76 Down
FLIG Flagellar motor switch protein fliG 2.26 Down
MOTA Chemotaxis protein motA 2.59 Down
MOTB Chemotaxis protein motB 2.35 Down
CHER Chemotaxis protein methyltransferase 2.13 Down
MCP1 Methyl-accepting chemotaxis protein I 2.42 Down
MCP2 Methyl-accepting chemotaxis protein II 2.36 Down
MCP3 Methyl-accepting chemotaxis protein III 2.89 Down

Transport, Cations and Iron Carrying Compounds
ATMA Magnesium-transporting ATPase, P-type 1 5.00 Down
ATZN Lead, cadmium, zinc and mercury-transporting ATPase 2.22 Down
BCP Putative peroxiredoxin bcp 2.59 Up
CORA Magnesium transport protein corA 2.94 Down
EXBD Biopolymer transport protein exbD 2.79 Up
FECA Iron(III) dicitrate transport protein fecA precursor 3.83 Up
FECB Iron(III) dicitrate-binding periplasmic protein precursor 5.00 Up
FECE Iron(III) dicitrate transport ATP-binding protein fecE 3.33 Up
FEOB Ferrous iron transport protein B 2.03 Up
FEPA Ferrienterobactin receptor precursor 8.20 Up
FHUA Ferrichrome-iron receptor precursor 2.47 Up
FIU Catecholate siderophore receptor fiu precursor 6.44 Up
FTNA Ferritin-1 3.58 Down
TONB Protein tonB 3.68 Up

Detoxification
FADB Fatty acid oxidation complex subunit alpha 2.02 Up
TPX Thiol peroxidase 2.19 Up
SODM Superoxide dismutase [Mn] 2.21 Up

Pathogenesis
TOLB Protein tolB precursor 2.06 Up
FKBB FKBP-type 22 kDa peptidyl-prolyl cis-trans isomerase 2.21 Up
CIRA Colicin I receptor precursor 7.44 Up

Energy Metabolism
BGAL Beta-galactosidase 3.84 Up
GALP Galactose-proton symporter 6.59 Up
GALE UDP-glucose 4-epimerase 5.88 Up
DGAL D-galactose binding periplasmic protein 3.71 Up

Other
THIO Thioredoxin-1 2.09 Up
GLRX2 Glutaredoxin-2 4.01 Up
OSMY Osmotically inducible protein Y precursor 2.14 Up
LUXS S-ribosylhomocysteine lyase 3.60 Up
AER Aerotaxis receptor 2.24 Down
BORD Lipoprotein bor homologue from lambdoid prophage DLP12

precursor
18.02 Down

OMPP Outer membrane protease ompP precursor 5.25 Down
NMPC Outer membrane porin protein nmpC precursor 2.58 Down
BASS Sensor protein basS/pmrB 2.53 Down
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the invading pathogen and the host’s immune defenses, which
must be overcome in order for the pathogen to establish an
infection.

Two expression proteomic studies have recently been pub-
lished that have studied the changes in protein expression of
two bacteria species, used in the manufacture of fermented
dairy products, grown in laboratory culture media or milk.3,35

With the use of two-dimensional gel electrophoresis, the
authors of one study estimated 10-20% of the observed
proteins from Lactococcus lactis were up-regulated when the
bacteria were grown in milk or milk microfiltrate as compared
to synthetic media.35 This is consistent with our observations,
where we estimate 20% of the identified proteins are up-
regulated when bacteria are grown in milk and another 10%
of the proteins are down-regulated. Many of the changes in
protein expression are likely a response to changes in nutrient
availability in milk versus LB (e.g., lactose as the primary sugar
in milk). Although this type of response is not directly linked
to the pathogenesis of an organism, it is a necessity for any
pathogen to be able to adapt to its environment. Hence, any
substance that would inhibit bacterial utilization of lactose
might be an effective therapeutic against mastitis-causing
pathogens.

Mastitis-causing pathogens must grow in the milk environ-
ment. Despite the innate antibacterial properties of milk, E.
coli can grow from an inoculum of less than 100 cfu/mL to
several thousand cfu/mL in 8 h.36 During this early phase of
the infection, the bacteria do not contend with cells of the
immune system, the majority of which arrive in the gland 6-12
h post-infection.11 In these first few hours, the bacteria must
adapt to their new environment by altering their proteomes
to take advantage of the energy sources available (e.g., lactose),
to synthesize any missing metabolites (e.g., amino acids)
and to express factors to allow persistence of the bacteria (e.g.,
virulence factors). Would a substance that specifically inhibited
a bacterial function required for the growth of the microorgan-
ism in the first hours of the infection be an effective therapeutic
agent? For example, would the specific blockage of bacterial
utilization of lactose block an infection?

The degree to which growth in milk affects the virulence of
E. coli is unknown. However, experiments with Staphylococcus
aureus have shown that passage of bacteria in milk whey
increased the virulence of a strain. Mamo and co-workers
showed that passage of S. aureus in laboratory media or milk
whey resulted in a mouse mortality rate of 5% or 85%,
respectively.37 Thus, simple adaptation of bacteria to milk may

Table 5. Proteins Up-Regulated When E. coli Was Grown in Milka

6PGL 2.5v CAPP 2.2v DPPA 3.0v GAL7 2.2v HISJ 4.8v METE 8.3v PSPA 2.0v TALA 2.1v YCIH 3.6v
AAT 2.9v CAPP 2.2v DPPF 6.4v GALE 5.8v HMP 2.2v METF 2.7v PTGA 2.6v THD1 3.3v YCII 2.8v
ADHE 2.8v CARB 3.2v ELAB 2.5v GALM 2.2v HYFG 3.3v METI 2.5v PTGCB 3.4v THIO 2.0v YDEN 2.8v
AK1H 2.9v CATE 2.9v ELBB 3.8v GALP 6.5v IHFA 2.0v METK 2.5v PTHC 2.2v THRC 3.2v YDHR 2.5v
AK1H 9.2v CIRA 10.6v ENTA 3.8v GCH1 2.8v ILVC 3.0v METN 5.5v PTHP 3.1v TOLB 2.0v YDJN 4.3v
AK3 2.9v CIRA 7.4v ENTB 4.0v GCSH 3.7v ILVC 3.0v METQ 2.7v PTW3C 3.2v TONB 3.6v YEAD 2.6v
AK3 4.0v CISY 2.4v ENTB 5.0v GCST 2.0v ILVC 7.5v METQ 3.9v PUR2 3.4v TPX 2.1v YEAG 3.5v
ALF1 2.8v CITT 5.3v ENTC 2.4v GLGB 2.1v ILVD 3.0v MSCS 2.9v PUR4 2.0v TRAJ4 2.5v YECS 2.2v
AMPA 2.1v CODA 2.3v ENTC 9.5v GLNA 3.5v ILVD 3.4v MTE8 5.8v PUR4 2.8v TRPA 6.3v YGAU 2.1v
ARGA 5.6v CODB 2.4v ENTE 2.0v GLNA 4.4v ILVE 11.6v MTOX 2.0v PUR4 3.0v TRPA 9.0v YGBJ 5.3v
ARGB 6.2v CRL 2.3v ENTF 3.4v GLNH 3.1v ILVI 3.5v MURC 3.5v PUR5 4.8v TRPB 2.5v YHBS 2.2v
ARGT 3.0v CRL 2.5v EXBB 2.3v GLNK 13.0v KDSB 2.9v NADE 2.0v PUR7 2.5v TRPB 3.6v YHDJ 4.2v
ARLY 3.4v CSPD 2.1v EXBD 2.7v GLNP 2.1v KHSE 3.9v NAGA 3.6v PUR7 4.8v TRPC 3.8v YHDW 2.4v
AROA 2.6v CYAY 2.2v FABZ 2.2v GLNQ 2.4v LEU1 3.1v NAGB 3.9v PUR9 5.7v TRPE 2.2v YHDZ 2.6v
AROF 2.7v CYSA 8.8v FADB 2.0v GLRX2 4.0v LEU1 3.3v NANA 3.3v PURK 2.8v TRPE 2.5v YHJE 2.9v
AROF 5.9v CYSD 2.0v FADE 2.0v GLTB 2.7v LEU2 3.3v NANC 10.7v PURT 2.6v TRPG 3.4v YHJS 2.4v
AROG 2.5v CYSD 7.4v FECA 3.8v GLTB 3.8v LEU3 4.4v NANE 5.6v PUTA 2.4v TRPR 2.6v YIFK 2.8v
AROP 9.3v CYSH 20.5v FECA 4.6v GLTI 17.9v LEU3 7.1v NANT1 4.6v PYRC 2.1v TYRA 3.6v YJCD 3.1v
ARTI 4.4v CYSI 5.2v FECB 5.0v GLTJ 2.3v LEUD 9.5v NLPA 5.1v RAIA 2.0v TYRA 4.9v YJHT 2.7v
ARTJ 3.6v CYSJ 3.2v FECB 6.8v GLTL 8.5v LIVF 5.8v NTRB 2.9v RBFA 2.1v TYRB 4.0v YLIJ 2.1v
ASNA 5.1v CYSJ 4.7v FECE 3.3v GLYA 2.0v LIVJ 4.6v OPPA 2.6v RBSA 2.8v UBIG 2.4v YLIJ 2.6v
ASNA 6.8v CYSK 4.4v FEOB 2.0v GNTT 2.1v LIVJ 4.6v ORN 2.0v RBSB 2.9v UHPT 8.2v YNCE 2.1v
ASNB 3.3v CYSK 4.4v FEPA 8.2v GPMA 2.9v LIVK 6.3v OSMY 2.1v RL27 2.1v UXUA 2.0v YNCE 3.4v
ASNB 4.4v CYSN 5.7v FHUA 2.4v GSIA 4.2v LRP 2.4v PAND 2.3v RPIA 2.2v YAGU 3.7v YOJI 2.5v
ASSY 3.1v CYSP 5.4v FHUE 6.5v GUAC 2.0v LRP 3.6v PHEA 2.3v SERA 3.5v YBDB 5.6v YRAL 2.3v
ASSY 3.9v DAPD 2.4v FIU 6.4v HELD 4.4v LUXS 3.6v PHEA 4.0v SERA 5.3v YBGI 2.2v YRBC 2.2v
ASTC 3.0v DCP 2.3v FKBB 2.2v HIS1 3.9v MALE 3.1v PNTB 2.3v SERC 3.6v YBIC 2.2v YTFB 2.7v
AVTA 3.0v DGAL 3.7v FLAV 2.2v HIS5 2.8v MANA 2.0v POTD 4.9v SKP 2.8v YBIS 2.2v
BCP 2.2v DHAS 3.9v FLIY 4.8v HIS6 4.3v MDH 2.2v POTF 4.2v SODM 2.2v YBJQ 2.3v
BCP 2.5v DHE4 4.8v GABD 4.1v HIS7 2.8v MDH 2.4v POTG 3.0v SRP54 8.6v YCDO 3.8v
BGAL 3.8v DHE4 4.9v GABT 2.8v HIS7 4.0v META 2.5v PPIB 2.7v SUFC 2.7v YCDO 5.3v
BGAL 4.9v DLD 2.2v GAL1 2.5v HIS8 2.4v METE 6.5v PQQL 2.5v T341 3.6v YCGM 4.5v

a For complete MS/MS data for proteins up-regulated when bacteria were grown in milk, please see Supplementary Table 2 in Supporting Information.

Table 6. Proteins Down-Regulated When E. coli Was Grown in Milka

ACKA 2.0V CYDB 2.2V FRDB 4.2V GLPT 5.8V NARJ 3.5V PROW 4.1V RL31 2.0V YEDE 13.3V
AER 2.2V DEOD 2.2V FRDC 3.6V LAMB 3.7V NARK 2.1V PTHB 2.2V RL33 2.6V YEIU 3.0V
ASPA 3.0V DHSA 2.6V FRDD 5.9V LDCI 3.1V NARY 7.5V PTTBC 6.4V RL34 2.1V YJDB 5.4V
ASPA 3.0V DHSB 2.7V FTNA 3.5V LIPA 2.9V NARY 8.0V RAIA 3.3V RS19 3.2V YJIY 2.6V
ATMA 5.0V DHSC 2.0V FTNA 6.1V MBHM 2.4V NMPC 2.5V RL11 2.0V RS21 3.0V YLEA 2.2V
ATZN 2.2V DHSD 4.1V FUMA 2.0V MCP1 2.4V NRDD 10.3V RL16 2.4V RS3 2.1V YQHD 2.2V
BASS 2.5V DMSA 12.5V GADC 2.6V MCP2 2.3V NUOCD 2.0V RL19 2.3V RS9 2.1V YQJD 2.1V
BORD 18.0V ENDPH 3.3V GARP 9.6V MCP3 2.8V NUOG 2.0V RL24 2.0V SDAC 7.1V ZNUC 2.9V
BORD 5.7V FADL 3.7V GIDB 4.6V MOTA 2.5V OMPP 5.2V RL25 2.2V SOPB 3.8V
CHER 2.1V FDNG 2.7V GLMS 2.3V MOTB 2.3V OMPX 2.3V RL25 2.3V SYK2 2.0V
CORA 2.9V FLGE 4.2V GLPD 5.0V NARG 3.6V PHOE 2.0V RL25 2.4V TDH 2.9V
CSPC 2.2V FLIG 2.2V GLPK 2.3V NARG 3.8V PITA 2.2V RL25 2.8V TREC 2.5V
CYDA 2.1V FRDA 2.8V GLPK 6.7V NARH 5.0V PROV 2.3V RL28 2.1V YBJX 2.7V

a For complete MS/MS data for proteins down-regulated when bacteria were grown in milk, please see Supplementary Table 3 in Supporting
Information.
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affect the virulence of that organism. It is has been shown that,
in the majority of cases of reoccurring E. coli infections, the
primary and secondary infection were caused by the same
genotype. Once thought to only cause an acute infection, E.
coli is now thought to have adapted into a chronic pathogen.38

It is unknown whether growth in milk may affect the ability of
E. coli to establish a persistent infection.

Proteomics allows for the search for potentially new and
unexpected connections between a change in treatment and
change in protein expression, which may affect the virulence
of a pathogen. E. coli mastitis is considered an environmental
pathogen that is spread primarily by fecal contamination. It is
often rapidly cleared by the immune system of the cow but
can become septic and rapidly cause death in some animals.
The proteomic data presented here demonstrated mark changes
and adaptation of E. coli grown in milk. We showed that the
expression levels of hundreds of E. coli proteins were affected
by the change in the growth environment from LB to milk. This
raises questions about which genes are necessary for an E. coli
strain to be categorized as a MPEC strain. It is hoped that some
of these protein changes required for bacteria growth in milk
might one day be targets for therapeutic interventions. Fur-
thermore, it is clear that some MPEC strains show species
specificity in whether an infection will result in a mild or severe
infection.12 These results point to a need for future research
efforts to understand the potential significance of milk adapted
mastitis pathogens on the severity and duration of infections
and their outcomes for this economically important disease in
cattle. Clearly, a proteomic analysis of MPEC stains of E. coli

versus nonvirulent stains of E. coli is needed as a continuation
of this work. Since growth in milk has such a dramatic affect
on the E. coli proteome, we would argue that expression
proteomics comparing MPEC and nonvirulent E. coli should
be done with milk as the growth media. We speculated that
not using milk as a growth media would alter the comparison
of MPEC and nonvirulent bacteria. In the case of mastitis, we
have the advantage of having the ability to obtain large
quantities of the biological fluid in which an infection occurs.
It is very possible that proteomes are as dramatically altered
in bacteria that infect other sites in the body as they adapt to
whatever biological fluid become their growth media as we
have seen in milk.
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